C reating functional molecular structures on surfaces plays a central role in the field of nanotechnology, e.g., for the fabrication of future molecular electronic devices, 1,2 molecular machines 3 and novel materials with tailor-made properties. 4 Molecular self-assembly provides a most powerful strategy for preparing functional molecular structures on supporting substrate surfaces. 1, 5 The selective interaction of purposively designed molecular building blocks has been tailored with great success to steer the resulting molecular structure in a well-controlled manner. 5, 6 To date, an impressive variety of selfassembled structures has been created in ultrahigh vacuum (UHV), 7 ranging from perfect monolayer films 8 over unidirectional rows 9 and well-defined clusters to complex network structures. 10 However, the inherent reversibility of the involved interactions limits the applicability of self-assembled structures in real-life environments. Consequently, strategies are required to fabricate functional structures that provide sufficient thermal and chemical stability for reliable operation at ambient conditions. Moreover, especially in the field of molecular electronics, improved charge transport properties are mandatory. Covalent linking of molecular precursors on the surface, referred to as on-surface synthesis, has recently emerged as a promising approach for the bottom-up fabrication of functional molecular structures with superior stability and increased electrical conductivity. 11À14 A very exciting aspect of on-surface synthesis is the ability to follow new reaction pathways that might not be possible by classical solution synthesis.
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Only few examples for on-surface synthesis exist so far, demonstrating covalent linking on a supporting metal surface. 13À27 Very recently, the concept of on-surface synthesis has been transferred to a thin insulating film of NaCl on Ag(100) 28 and a bulk insulator, namely calcite (CaCO 3 ). 29 The latter studies are motivated by the need to decouple the electronic structure of the molecular device from the supporting surface when aiming at fabricating devices for future molecular electronics.
Up to now, the structural complexity of these structures has been very limited as most of the reactions have been performed in a single-step manner. Increasing the structural variety of on-surface synthesis requires utmost control with the ability to selectively induce sequential linking reactions in a hierarchical manner. This has recently been demonstrated using halide-substituted porphyrin derivatives on a Au(111) surface, 30, 31 elegantly exploiting the specific dissociation energies of the bromine-phenyl and iodinephenyl bond. These dissociation energies are associated with different activation temperatures and thereby facilitate linking reactions in a site-specific and sequential manner. Thus, reaction sites and sequence are encoded in the structure of the precursor molecules. The latter results have, however, been obtained on a metallic substrate, limiting the applicability of these structures with regard to molecular electronics. So far, no example exists, demonstrating hierarchical control in on-surface synthesis on a bulk insulator substrate. Compared to metallic surfaces, bulk insulators are known to pose significant challenges when aiming at on-surface synthesis, especially when using thermal activation. Upon annealing, molecule desorption is frequently observed rather than reaction initiation. This can be explained by two aspects. First, the comparably low surface energy of insulating surfaces compared to metallic surfaces promotes desorption at relatively low temperatures. 32 Second, in absence of a metallic surface known to act as a catalyst in Ullmanntype couplings, 24 the activation step requires higher temperature on insulating surfaces. Herein, we present the first successful example of improved structural control that is achieved from a site-specific and selective two-step linking process on a bulk insulator surface in UHV. The 2-(4-bromophenyl)-6-(4-chlorophenyl)pyridine-4-carboxylic acid (BPCPPCA, Figure 1a ) molecule used in this study comprises three functional groups. Bromophenyl and chlorophenyl groups were chosen for inducing site-specific and sequential covalent linking by homolytic cleavage of the halide-phenyl bonds due to their appropriate dissociation energies of 336 (Br-phenyl) and 399 (Cl-phenyl) kJ/mol, respectively. 33 The third group is needed to provide sufficient anchoring toward the bulk insulator substrate, the natural cleavage plane of calcite (CaCO 3 (10.4), Figure 1b) . A carboxylic acid moiety is known to bind sufficiently to this surface, 29, 34 which constitutes an inevitable prerequisite to allow for thermal activation of the desired reactions before the desorption temperature is reached. Moreover, we speculate that the binding of the deprotonated carboxylate group toward the surface facilitates cleavage of the halide-phenyl bond in the absence of a metal. 29 When deposited onto the surface at room temperature, ordered islands are obtained as revealed by highresolution noncontact atomic force microscopy (NC-AFM). A first distinct change in molecular structure is induced upon annealing to 570 K, which can be assigned to the homolytic cleavage of the brominephenyl bond and subsequent covalent linking of the resulting radicals, resulting in molecular dimers. Further annealing to 610 K induces the subsequent cleavage of the remaining chlorineÀphenyl bond. The covalent coupling of the radicals now results in polymerization of the dimers into zigzag and closed ring structures, which are encoded by the specific design of the molecular building blocks. Our work demonstrates the successful application of a hierarchical two-step linking process on a bulk insulator surface, resulting in enhanced structural control that is programmed by the rational design of the molecular structure.
RESULTS AND DISCUSSION
Upon submonolayer deposition of BPCPPCA molecules onto the calcite surface held at room temperature, two types of ordered islands are observed as shown in the NC-AFM images in Figure 2 . Overview 
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images of island type A and B are given in Figure 2 , panels a and b, respectively. In Figure 2a , an A-type island is shown in the lower part of the image, while the upper darker area corresponds to the bare calcite surface. The island is composed of two different areas, displayed in darker and brighter color corresponding to an apparent height of 0.5 and 0.8 nm, respectively. We stress, however, that height measurements need to be considered with care as force rather than topography is sensed in NC-AFM. The brighter area can be ascribed to a second layer occupation, which might be stabilized by intermolecular interactions between the basic pyridinic nitrogen atoms of the first layer molecules and the carboxylic acid functions of the second layer. Here, we focus on the darker area, which is ascribed to a monolayer of BPCPPCA molecules. Faint lines are visible that are oriented at an angle of þ50 ( 3°w ith respect to the [42.1] direction. The interline distance is approximately 1.2 nm, compatible with the rows being composed of single molecules. A similar situation is found for the islands of type B as shown in Figure 2b . An island with an apparent height of 0.5 nm is seen. As for island type A, areas with an apparent height of 0.8 nm are present that are tentatively assigned to a second molecular layer. Additionally, a few defects are observed in the monolayer film (lower right part of the image). The monolayer islands of type B exhibit faint lines with a interline distance of 1.2 nm that are oriented at an angle of À52 ( 3°with respect to the [42.1] direction. The orientation of these lines indicates that the two island types represent the same molecular adsorption structure that is mirror-imaged along the [42.1] axis. This assumption is further corroborated by the high-resolution images given in Figure 2c ,d.
A high-resolution image of a type A island is shown in Figure 2c . The faint lines can be resolved as individual double-lobe features (marked in Figure 2c ,d) that arrange in rows. The periodic pattern is in agreement with a (2 Â 4) superstructure as shown by the superimposed unit cell. A similar but mirrored situation is seen for the islands of type B as given in Figure 2d . Individual features are resolved that align in rows, resulting in a (2 Â 4) superstructure. (An area with second-layer occupation is also seen in Figure 2d , which is not further discussed here.)
Based on these NC-AFM images, we can propose a tentative model of the molecular structure in the monolayer islands as discussed in Figure 3 . The (2 Â 4) superstructure of island type A (b) is shown in the upper (lower) part of Figure 3a . We ascribe each individually resolved feature to a single molecule. Based on the size of the molecules and the measured island height, we expect the molecules to be standing upright on the surface in a tilted fashion. Assuming that the molecules anchor toward the surface with the carboxylic acid anchor, the bright feature might be associated with a protruding halide atom. We note that we only image one of the two halide atoms bright, which can be readily understood by a tilted arrangement and/or different interaction strength with the AFM tip, resulting in different apparent heights. A second less bright spot might be identified in the NC-AFM images that corresponds to the second halide atom. As shown by the ellipses indicating the approximate size of the molecule, our model fits excellently to the assumption of a (2 Â 4) superstructure containing three molecules. The side views along the [01.0] and [42.1] directions are given in Figure 3b . We propose an anchoring of the carboxylic acid moiety toward the surface. Given the large negative shift of the contact potential of the islands with respect to the calcite surface (see Supporting Information), we assume that the carboxylic acid group is deprotonated. This assumption is in excellent agreement with the calculated pK a of the molecule 35 of 3.5 and our previous studies revealing the deprotonation of a benzoic acid derivative. 36 The negatively charged carboxylate group is expected to anchor toward the positively charged surface calcium cations. We note, however, that the discussion made here does not depend on the protonation state of the carboxylic acid moiety. Along the [01.0] direction, the molecules are stacked in a shifted arrangement, which can be easily motivated by the optimization of πÀπ interaction of the phenyl rings. It is known that πÀπ interaction as well as π-halogen interaction favors a moleculeÀmolecule distance of about 0.3 nm. 37 From this information, a tilt angle can The situation as revealed after deposition onto the surface held at room temperature changes drastically upon annealing the substrate to 570 K, indicating a significant change in the molecular structure. A representative NC-AFM is given in Figure 4a . Instead of ordered islands, row-like structures are formed on the surface. Although the overall ordering is poor compared to the islands, two main orientations of the rowlike structures (marked with I and II) can be identified. The two orientations span an angle of approximately 49 ( 3°. Closer imaging of the row structure of type II as shown in Figure 4b reveals a periodic structure within the rows. The same holds true for the rows of type I as shown in Figure 4c . The spanning angle of 49°can be obtained by considering an angle of þ64 ( 3°and À67 ( 3°with respect to the [42.1] direction for the I and II rows. Thus, this angle and the similarity of the two row structures indicate that these two structures are, in fact, identical but mirror images of each other.
This indicates that the envisioned linking reaction has taken place upon homolytic cleavage of the bromide atoms. A dimer structure that is covalently linked at the former bromine position (6, 6 0 -([1,1 0 -biphenyl]-4,4 0 -diyl)bis(2-(4-chlorophenyl)isonicotinic acid)) exhibits either a U or an S-like conformation. We assume that the dimer molecules still anchor with the two carboxylate groups toward the surface calcium cations. This is equally possible for both, the U and the S form (see Supporting Information). It is expected that the dimers pack to allow for intermolecular interaction. The observed 1.1 nm periodicity along the rows agrees with the proposed packing of the S-type molecules, as superimposed in the NC-AFM image given in Figure 4c . An optimization of the intermolecular distance in order to allow for halogen-π interaction can be understood as the driving force behind the lateral shift of the molecules perpendicular to the row direction. This readily results in a molecular row that forms an angle of either þ66°or À66°with respect to the [42.1] mirror axis, in excellent agreement with the experimentally obtained opening angle between the (66°-rows of 48°(see Figure 4d) . This angle provides a second, independent observation that supports the model proposed here. We thus conclude this part by summarizing that significantly different structures are obtained upon ARTICLE moderate annealing. The individual features within the rows fit in size with dimer molecules. Moreover, the observed features can be readily explained by a rational assembly of the dimers. All three findings agree well with the assignment of a first covalent reaction step involving the cleavage of the bromine-phenyl bond.
Next, we anneal the surface with the row structures in a second step at 610 K. The resulting structures are shown in Figure 5 . Most strikingly, the molecular structures that are present on the surface after the second annealing steps are, again, distinctly different from both, the as-deposited ordered islands and the row structures observed after the first, more moderate annealing step. Now, chains oriented along an angle of À60 ( 3°with respect to the [42.1] direction and ringlike features are observed to coexist on the surface (Figure 5a ). The chains (Figure 5b ) differ in appearance, periodicity and, most notably, in orientation with respect to the underlying substrate lattice, clearly indicating that the chains are composed of other building blocks than the row structures revealed after moderate annealing. Moreover, ring-like features (Figure 5c ) are seen on the surface, exhibiting a distinct internal structure. To elucidate the structural details, we first consider the chain structure as shown in Figure 5d . A periodic structure of 1.7 nm is clearly resolved that fits excellently in size with a structure that is composed by further linking of the dimer molecules via cleavage of the chlorine-phenyl bond. Arranging the model such that the carboxylate groups can bind toward the calcium cations results in an angle of À61°with respect to the [42.1] direction, exactly matching the experimentally observed results. Thus, the size match, the agreement of the periodic repeat distance and the observed orientation on the surface corroborate the model of a further linking of the dimer units in a zigzag polymer. A closer look at the dimer units reveals that a second structure is feasible when linking the dimer building blocks to a closed tetramer ring, which is observed experimentally. The ring tension in these large cyclic tetramers is distributed over twelve aromatic rings and can be considered as negligible. We have not observed larger rings which might be explained by two effects. First, when two dimers meet, a cyclic tetramer might form before a third dimer arrives. Second, the likelihood for ring closure is expected to decrease with increasing number of dimers as the distance of the reactive ends increases. A detailed analysis as well as can be seen in Figure 5e confirms the excellent size match. Moreover, the internal structure seen as dark stripes in the ring-like feature suggests that the four initial precursor molecules are resolved. We assign the bright part to the carboxylate group that is again positioned atop a surface calcium atom. We note that three out of the four carboxylate groups can attain perfect on-top positions while the forth group does not fit to the surface lattice. This size mismatch of the ring structure with the underlying calcite lattice might explain why one of the four bright features is imaged in a different way compared to the three other bright features within a ring.
To summarize the results of the second annealing step, we note that yet different structures are obtained after the second activation step. Two coexisting structures are revealed, as expected from the structure of the molecular precursors. Extended rows can be identified that fit in size, periodicity and orientation to the model of a further linked zigzag polymer. Linking two dimers in a closed fashion results in ring-like features that are observed to coexist on the surface. The sum of these experimental findings strongly indicates the successful activation of the second reaction step involving the chlorine-phenyl bond. 

CONCLUSION
In conclusion, we present the first successful example of a two-step polymerization reaction on the surface of a bulk insulator. Carefully selecting a precursor molecule that provides both the encoding of the selective and sequential reaction sites as well as suitable anchor groups for preventing desorption is demonstrated to result in hierarchical polymerization. Extended zigzag and closed ring structures are created upon sequential activation of homolytic cleavage of first bromineÀphenyl and second chlorineÀphenyl bonds. This work demonstrates that enhanced structural control in on-surface synthesis can be achieved even on the weakly interacting surface of a bulk insulator.
METHODS
Calcite Preparation. Optical quality calcite samples from Korth Kristalle GmbH (Kiel, Germany) are cleaved in situ, resulting in flat (10.4) cleavage planes. 38 Right after cleavage, the crystals are annealed at 600 K for about 1 h to remove surface charges.
Molecule Deposition. The molecules (97% purity) are purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany) and thoroughly outgassed at 310 K for 40 h prior to use. The molecules are sublimated in situ onto the freshly prepared calcite surface held at room temperature using a home-built Knudsen cell. The images shown here are achieved after sublimation for 15 min with a cell temperature of 336 K, corresponding to a flux of approximately 0.03 monolayers/min.
NC-AFM Imaging. All experiments are carried out under UHV conditions (base pressure e1 Â 10 À10 mbar) using a VT AFM 25 atomic force microscope (Omicron, Taunusstein, Germany) operated in the frequency modulation noncontact mode (NC-AFM). The system is equipped with an easyPLL Plus controller and phase-locked loop detector (Nanosurf, Liestal, Switzerland) for oscillation excitation and signal demodulation. We use n-doped silicon cantilevers (NanoWorld, Neuchâtel, Switzerland) with resonance frequencies of around 300 kHz (type PPP-NCH) excited to oscillation amplitudes of about 10 nm. Prior to their use, the cantilevers were Ar þ sputtered at 2 keV for 5 min to remove contaminants. Image type as well as fast and slow scan directions are given in the upper right corner of each image.
Thermal Activation
Step. The molecules are thermally activated by annealing the calcite substrate with a pyrolytic boron nitride heater positioned underneath the sample. The temperature is controlled by a thermocouple mounted at the sample stage about 2.5 cm apart from the sample. The temperature specifications given in this work are the corresponding temperatures expected at the calcite sample based on an individual calibration curve supplied by the manufacturer (Omicron, Taunusstein, Germany).
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